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A B S T R A C T
In hospitals, operating rooms (ORs) are very demanding in terms of the indoor air quality (IAQ) and require
systems that minimize the concentrations of pollutants (microorganisms, chemical and particulate matter). Air
treatment devices that use photocatalytic oxidation (PCO) could potentially be used in the OR to improve IAQ. In
this work, the fate of two OR pollutants acrylonitrile (chemical found in surgical smoke) and isoﬂurane (an-
esthetic gas) when they go through a PCO device was investigated. The experiments were conducted in a la-
boratory closed loop multi-pass reactor. A mathematical model was utilized to enable the calculation of one
indicator (single-pass removal eﬃciency) for acrylonitrile and two indicators (induction period and single-pass
removal eﬃciency) for isoﬂurane. The degradation eﬃciency was then accessed by studying the inﬂuence of
environmental parameters on these indicators. The parameters that were studied are the relative humidity,
presence of co-pollutants and presence of particles. The parameters were observed to have similar eﬀects on the
degradation of both compounds. Increasing relative humidity inhibited the degradation probably due to com-
petitive adsorption. The presence of co-pollutants like nitrous oxide and acetic acid caused a possible compe-
tition for adsorption unto active sites thus decreased the degradation eﬃciency of acrylonitrile and isoﬂurane.
The increase in the concentration of the co-pollutants enhances the competitive eﬀect and further decreases the
degradation eﬃciency of the target pollutants. Finally the presence of particles on the photocatalytic media
could block active sites thereby inhibiting the degradation of acrylonitrile and isoﬂurane.
1. Introduction
The hospital is a more complex environment than that of residential
and commercial buildings. There are several zones where speciﬁc ac-
tivities are performed and thus, occupants (hospitals workers, patients,
etc) are exposed to diﬀerent chemical pollutants [1,2]. Another factor
adding to the complexity of hospitals is the fact that the diﬀerent zones
have various indoor air quality (IAQ) requirements. In the hospital, the
operating room (OR) is one of the most demanding areas when it comes
to the IAQ and requires careful control of its environment to minimize
pollutant levels [3]. The indoor air of an operating room is polluted by
diﬀerent chemical pollutants like waste medical gases used for an-
esthesia, disinfection and sterilizing substances and surgical smoke
[3–5]. The two main culprits however are waste anesthetic gases and
chemicals present in surgical smoke. The presence of these substances is
known to have adverse health eﬀects on and can lead to discomfort of
OR personnel thus, personnel exposure should be limited [4].
Isoﬂurane is one of the most commonly used anesthetic gases
worldwide and it is normally present in the air through leaks in the
patient breathing circuit, during installation and disconnection of the
system and also when patient exhales. Studies have demonstrated that
chronic exposure to isoﬂurane can cause liver and kidney diseases, ir-
ritation of skin, eyes, mouth and throat and can also increase the risks
of spontaneous abortion and congenital abnormalities [6–10]. The oc-
cupational exposure limits (OEL) for an 8-h time weighted average set
by NIOSH is 2 ppm without concomitant N2O exposure and 0.5 ppm
with concomitant N2O exposure. Surgical smoke is produced during
electro, laser or ultrasonic surgery to cut, coagulate, desiccate, fulgu-
rate, or vaporize tissues. It is known to consist of 95% water vapor and
5% blood and particulate matter (tissue particles, viruses and bacteria)
and chemical compounds [11]. Surgeons and operating theatre staﬀ are
routinely exposed to pollution from the surgical smoke. It hinders the
vision of the surgeon, produces an unpleasant odor, and releases
harmful substances into the air that are harmful to the health of the
staﬀ [11]. The chemicals present in greatest quantity in surgical smoke
are hydrocarbons and nitrile compounds among which is acrylonitrile a
hazardous compound of concern. Short-term exposure to acrylonitrile
can cause eye irritation, nausea, vomiting, headache, sneezing,
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2.1.1. Generation of pollutant concentrations
To generate the desired concentrations of the pollutants, the process
started ﬁrst by generating clean humid air. To do this, compressed air
from the laboratory network was passed through an air zero generator
Claind AZ 2020 to remove organic gaseous compounds and then
through a Pressure swing Adsorption (PSA) device to remove humidity
and CO2. The air was then humidiﬁed to a desired level by bubbling it
through a water bottle at an average room temperature of 20 °C. Then
the pollutants were mixed with the humid air zero to dilute them before
injection into the reactor. Acrylonitrile (C3H3N) was supplied by Air
products whilst isoﬂurane (C3H2ClF5O) was supplied by Linde Gas.
Nitrous oxide (N2O) was supplied by Air Liquide. The pollutants were
supplied in certiﬁed commercial gas cylinder balanced in nitrogen at
150 bars. Finally, the desired concentrations were achieved by ad-
justing the gas ﬂow rates using mass ﬂow controllers (MFC). For acetic
acid, it was injected into the reactor as a vapor by means of a 10mL
airtight syringe into the tranquilization chamber. The vapors were
prepared by evaporating liquid acetic acid (99.95% from Sigma
Aldrich) in a 285mL pyrex glass bulb under vacuum.
2.1.2. Photocatalytic reactor
The reactor that was used to perform experiments is a 420-L multi-
pass reactor that has been described in previous articles [43–46]. It is a
closed-loop reactor made up entirely of stainless steel to minimize
surface losses of pollutants. The reactor includes a photocatalytic
module containing a plane geometry photocatalytic media and two 18-
W UVC lamps (Phillips TUV PL-L series), a variable speed fan and a
tranquilization chamber. The air stream ﬂowing through the reactor is
controlled by the fan. For the present study, the ﬂow was set at 148
Nm3 h−1. The studied compounds are introduced and sampled through
tranquilization chamber which has a honeycomb placed at its inlet to
provide a homogeneous ﬂow distribution.
Leak tests were performed prior to degradation experiments at
several ﬂow rates and were estimated to range from 0.1 to 2.3% per
hour when ﬂow rates increased from 73 to 216 Nm3 h−1 respectively.
Preliminary experiments were also carried out to evaluate the extent of
adsorption and photolysis processes on pollutant removal. The removal
rates for adsorption and photolysis were calculated at 0.1 and 0.3% per
hour respectively indicating that no signiﬁcant loss of pollutants was
observed under UV light without the media or when exposed to the
media without UV light.
A Quartzel® photocatalytic media was used in this work. It is a
commercial media produced by Saint-Gobain Quartz made up of SiO2
ﬁbers coated with TiO2 deposited through a sol-gel method and pressed
into a felt. The media has an average thickness of 17.5 ± 1.5mm, a
developed surface of 0.04m2 (20 cm×20 cm) and a TiO2 load of
94 gm−2. A Micrometrics ASAP 2020 device using N2 adsorption
measured the BET speciﬁc surface area as 112 ± 1m2 g−1 with a
Micrometrics ASAP 2020 by N2 adsorption. A JOEL JSM 5800LV
Scanning Electron microscope (SEM) was used to analyze the surface of
the media. The results (Fig. 2 a and b) showed that the coated ﬁbers are
long and interconnected and form a complex mesh. This complexity
oﬀers a tortuous path for air ﬂow and increases the probability of
pollutants to be trapped and degraded. The SEM image (Fig. 2 b) shows
the variation in thickness of the coated ﬁbers. The ﬁber thickness was
estimated to be in the range 10 μm–20 μm.
2.1.3. Sampling and analytical methods
To monitor the pollutant concentrations over the period of the de-
gradation, samples were taken onto stainless-steel catridges packed
with Carbopack B (Perkin Elmer). The Automatic Clean Room Sampling
System (ACROSS) by Tera Environnement was used to sample at a rate
of 200mLmin−1 for 2.5min. The analysis was carried out using a
Thermal Desorber/Gas Chromatograph/Flame Ionization Detector/
Mass Spectrometer (TD/GC/FID/MS). The column used in the GC was a
polar column from Restek (Rxi-624Sil MS) which was connected to a
weakness and light headedness, whilst long-term exposure may cause 
cancer [12,13]. The occupational exposure limit (OEL) for an 8-h time 
weighted average set by NIOSH is 2 ppm. The concentrations of these 
pollutants found in the OR is limited and in the literature the con-
centrations of isoﬂurane and acrylonitrile can range from 0.01 to 
15 ppm [4,5,14–16].
In ORs, occupants’ health and comfort is mostly ensured by heating, 
ventilating and air conditioning (HVAC) systems through the dilution of 
indoor air pollutant concentrations by the supply of conditioned out-
door air [3]. Desirable conditions are met by adhering to a ventilation 
rate. In the United States of America, ASHRAE [17] recommends a 
minimum of 20 Air Change per Hour (ACH) whilst the standard NFS 
90–351 for France recommends the minimum to be 25 ACH [18]. The 
higher the ventilation rate, the better the dilution eﬀect. However, 
higher rates result in increased energy consumption necessary to con-
dition (heating, cooling, humidiﬁcation and dehumidiﬁcation) the air. 
It may also supply pollutants from outdoors [19]. In addition, ﬁlters 
installed in typical HVACs are targeted for particulate matter and 
bioaerosols control and as such not very eﬃcient at removing some 
indoor chemical pollutants [20]. Therefore, implementation of air 
treatment technologies whether as standalone or as part of the existing 
HVAC system (in-duct), is becoming popular as a complementary 
means of improving IAQ. These technologies control chemical pollu-
tants and allow air quality levels to be maintained with reduced out-
door air supply and concomitant energy savings [21–25]. Technologies 
for removing VOC contaminants include ozonation, cold plasma, and 
photocatalytic oxidation (PCO). Among the diﬀerent air cleaning 
technologies used for the removal of these pollutants, photocatalytic 
oxidation seems to be more and more employed.
PCO has been studied for several decades and is a cheap, energy 
eﬃcient solution for air treatment [26,27]. It removes gaseous con-
taminants via chemical reactions on semiconductor (mostly TiO2) cat-
alyst surface under UV irradiation. It has the advantage of being a 
ﬂexible solution for the degradation of a wide spectrum of gaseous 
pollutants [28–32]. Over the years most of the studies have been per-
formed on common home, oﬃce and school pollutants like for-
maldehyde, toluene, benzene whilst little or no attention is paid to the 
degradation of speciﬁc hospital pollutants. The performance of PCO is 
inﬂuenced by several factors that can be categorized in two types; 
process parameters (eg. air velocity, light intensity) and environmental 
parameters (e.g initial concentration, relative humidity, and presence of 
co-pollutants). The inﬂuence of these key parameters has been greatly 
studied in the literature [33–40]. Air treatment devices that use PCO 
could potentially be used in ORs thus the fate of gaseous OR pollutants 
when they go through the PCO device should also be studied.
This work for the ﬁrst time investigates the performance of a PCO 
system in removing isoﬂurane and acrylonitrile, two compounds pre-
sent in the OR indoor air with the objective of studying the inﬂuence of 
three environmental parameters, relative humidity, presence of co-
pollutants and presence of particles on their degradation under condi-
tions that are relevant to actual applications. The experiments were 
conducted in a closed loop reactor which has been designed to study 
low concentration air pollutants and has also been recently modeled 
[41,42]. This reactor also permits a better representation of PCO sys-
tems functioning in dynamic mode and is realistic regarding air treat-
ment systems working as standalone devices or implanted in HVAC 
systems.
2. Materials and methods
2.1. Experimental set-up
The experimental set-up used in this study is presented in Fig. 1. It  
consists of the VOC generation bench, the photocatalytic reactor and 
the sampling and analytical devices.
FID for the quantiﬁcation of compounds and a MS for the identiﬁcation
of compounds. The TD/GC/FID/MS analysis conditions are described in
Table 1.
2.2. Particle loading of photocatalytic media
The eﬀect that the presence of particles may have on the photo-
catalytic degradation eﬃciency was studied by clogging the media
surface with micronized rice. The micronized rice particles were chosen
to simulate the presence of particles. The particle diameter range was
0.25–10.5 μm thus was a good representation of particles that could be
collected on the photocatalytic media in an OR as for example surgical
smoke is known to contain particles with diameters ranging from 0.35
to 6.5 μm [47]. The generated particles were ﬁrst oven-dried overnight
at 50 °C. A Palas RBG 1000 particle generator was used to load the rice
particles onto the photocatalytic media. A generation time of about
45min allowed a loading rate of 0.002 gm−2.
2.3. Calculating performance indicators
In order to evaluate the inﬂuence of the parameters on the de-
gradation of isoﬂurane and acrylonitrile, quantitative indicators were
needed. Before the indicators are discussed, a brief presentation of the
degradation proﬁles of acrylonitrile and isoﬂurane are presented.
Fig. 3 shows the degradation proﬁle of acrylonitrile. Under the
chosen reference experimental conditions of C0=2ppm, v=1m s−1
and I=4.5mWm−2, the complete degradation of acrylonitrile was
achieved in 1 h. The degradation proﬁle is characterized by a mono-
exponential decay curve which is representative of an apparent ﬁrst
order decay. By ﬁtting the experimental points to the mono-exponential
equation [C/C0=exp(-kapp t)], the model ﬁt almost perfectly to the
experimental points as indicated by coeﬃcient of determination
(R2= 0.98) in Table 2.
The reference experiments were performed three times to access the
repeatability. The calculation of the ﬁrst order constants (kapp) calcu-
lated from the mono-exponential equation were quite similar (Table 2)
indicating the repeatability of the experiments.
Fig. 4 shows the degradation proﬁle of isoﬂurane. Under the ex-
perimental conditions C0=0.5 ppm, v=1m s−1, I=4.5mW cm−2, it
can also be seen that the degradation curve can be divided into two
distinct phases: the ﬁrst phase where degradation occurs slowly and a
second phase where the degradation accelerates. This degradation be-
havior of isoﬂurane was similar to what some authors have described in
the literature for another chlorinated compound trichloroethylene. The
authors state that trichloroethylene undergoes a reaction mechanism
that involves OH° and Cl° [48–51]. OH° ﬁrst attacks TCE to generate Cl°.
The Cl° then attack trichloroethylene and ensure the continous attack of
TCE by propagating a chain reaction. This propagation plays a key role
in increasing the degradation rate of TCE. Based on this, a hypothesis is
therefore made that isoﬂurane may probaly undergo a reaction me-
chanism similar to that of tricholorethylene. In that, the ﬁrst phase
could probably correspond to OH° reactions with isoﬂurane to generate
Cl°. The second phase could probably be attributed to Cl° reactions with
isoﬂurane leading to a possible chain propagation reaction.
The reference experiment was also carried out at regular intervals to
ascertain the repeatability of the experiments. The results are shown to
Fig. 1. Schematic representation of the closed-loop photocatalytic reactor.
Fig. 2. SEM images of PCO media – (a) x 70, (b) x 650.
be repeatable (Fig. 4).
Based on the degradation mechanisms, one indicator, the single-
pass removal eﬃciency was chosen for acrylonitrile whilst two in-
dicators, the single pass removal eﬃciency and the induction period
(duration of the ﬁrst phase), were chosen for isoﬂurane.
As previously mentioned, the reactor used in this work is a multi
pass reactor. This reactor is well adapted to provide information on the
decay proﬁles but does not provide direct information on the single-
pass removal eﬃciency. This indicator has to be determined indirectly
by employing mathematical models. In this work the model that is used
has been developed by Dumont and Héquet and is explained elsewhere
[41]. The model, which describes the ﬁrst order decay relationship of
concentration vs. time in a closed-loop reactor is given as follows:
= ⎧⎨⎩
− − − ⎫⎬⎭
C t
τ
exp αC exp [1 ( )]
R
0
(1)
In Eq. (1) the term α is the single-pass removal eﬃciency and re-
presents the fraction of the total ﬂow treated during the time τR (re-
sidence time in the reactor). C is the pollutant concentration at time t
and C0 is the initial pollutant concentration. Numerical resolutions were
carried out using Excel® Solver which is based on the least-square
method.
Fig. 5 shows acrylonitrile degradation experimental points ﬁtted to
the model (Eq. (1)). The model is shown to ﬁt the experimental points
satisfactorily based on the regression co-eﬃcient (R2) of 0.99. Under
these conditions, the single-pass removal eﬃciency (α) was then cal-
culated as 0.012. This indicated that in one pass, 1.2% of acrylonitrile
would be eliminated from the total ﬂow that passed through the media.
Fig. 6 shows the isoﬂurane experimental concentration decay curve
ﬁtted to the model (Eq. (1)). It can be observed for irradiation time from
t=0 to t= 130min that the experimental points are not well
Step Parameter Value
Tube desorption Desorption temperature 250 °C
Desorption time 10min
Trap desorption Focusing trap temperature −30 °C
Desorption temperature 250 °C
Transfer line temperature 250 °C
FID Temperature (°C) 250
Fuel H2
Flow rate (mL.min−1) 45
Oxidizer Air
Flow rate (mL.min−1) 450
MS detection Source temperature (°C) 200
Electron Energy (eV) 70
Scan range (m/z) 20–200
GC Column Rxi-624SilMS (60m×0.35mm x 1.8 μm)
Oven temperature program 35 °C (5min), 15 °C.min−1 to 150 °C (2min), 20 °C.min−1 to 250 °C (5min)
The limits of detection was calculated by multiplying the background noise by 3. It was calculated as 0.1 ppm for isoﬂurane and 0.075 ppm for acrylonitrile.
Fig. 3. Degradation proﬁle of acrylonitrile under the reference experimental
conditions of C0=2 ppm; v=1m s−1; I=4.5mW cm−2; RH=50%.
Table 2
First order constants and coeﬃcient of determination calculated from ﬁrst order
equation for the three references acrylonitrile experiments (C0=2ppm;
v=1m s−1; I=4.5mW cm−2; RH=50%).
Test kapp (min−1) R2
1 0.0954 0.98
2 0.0960 0.98
3 0.0956 0.98
Average ± Std 0.0957 ± 0.0003
Fig. 4. Degradation proﬁle of isoﬂurane under the reference experimental
conditions of C0=0.5 ppm; v=1m s−1; I=4.5mW cm−2; RH=50%.
Table 1
TD/GC/FID/MS analysis conditions.
explained by the model, but from t= 130min the model describes the
experimental values quite satisfactorily (R2= 0.94). By modeling the
second phase with the Dumont and Héquet model it was possible to
determine the induction period (τi) as 130min and calculate the α for
the second phase as 8.22. 10−4.
To be able to study the inﬂuence of the parameters on the perfor-
mance indicator, the parameter of interest was varied whilst all others
were kept constant. Due to the duration of each experiment and the
number of experiments that needed to be done, the coeﬃcient of var-
iation on the performance indicators for the reference experiments was
calculated and reported for all the set of experiments. The coeﬃcient of
variation on the reference experiment was calculated as follows:
= ∗δ σ
x¯
100 (2)
Where δ is the coeﬃcient of variation, σ is the standard deviation
and x¯ is the average value of the performance indicator calculated from
the three reference experiments. The coeﬃcient of variation calculated
on α for the acrylonitrile experiments based on the mean and standard
deviation of the thrice repeated reference experiment was calculated as
1%. Whilst the coeﬃcient of variation on α and τi was calculated as 9%
and 5% respectively for isoﬂurane experiments based on the repetition
of the reference experiment.
3. Results and discussion
3.1. Relative humidity (RH)
In ORs, the humidity levels as recommended by national guidelines
such as NFS 90–351 [18] and ASHRAE 170–2017 [17] for France and
the US respectively is 30–60%. However levels measured could be
outside this range. Wong et al. [3] measured levels of 80% in a Ma-
laysian OR. As a result of this, in the present study, the inﬂuence of RH
on the degradation process of the two target compounds were studied
from 20% to 80% at 20 °C which gave moisture content of
4657–18893 ppm. This would provide representative information on
how diﬀerent RH levels encountered in the ORs aﬀect the performance
of PCO during the degradation of isoﬂurane and acrylonitrile.
In the literature, the role of water vapor in the photocatalytic oxi-
dation process has been described as a dual one [53–56]. On one hand
adsorbed water molecules are oxidized into OH° which are necessary
for the progress of the reaction whilst on the other hand excessive
amounts of water creates a competition with the pollutants for ad-
sorption onto active sites which inhibits the degradation. When varying
humidity, some studies have shown that both eﬀects can occur de-
pending on the humidity range studied whilst other studies have re-
ported that only one of these eﬀects is visible. For example, Mo et al.
[57] studied the inﬂuence of relative humidity (RH) in a range of
0–70% on the degradation of toluene (0.7 ppm). They showed that the
removal eﬃciency of toluene increased for RH ranging from 0 to 35%
due to the promotion of the degradation by the formation of OH° and
decreased for RH from 35% to 70% as a result of competitive adsorption
between the toluene molecules and the water molecules.
For the acrylonitrile experiments, velocity and light intensity were
ﬁxed at 1m s−1 and 4.5mW cm−2 respectively whilst initial con-
centration was maintained at 2 ppm. Fig. 7 shows the inﬂuence of RH
on acrylonitrile degradation. It can be observed that the single-pass
removal eﬃciency decreases when the RH is increased from 20% to
80%.
The results for the inﬂuence of RH on the degradation of isoﬂurane
are shown in Fig. 8. The results of the experimental study show that as
the relative humidity is increased from 20% to 80%; (i) isoﬂurane in-
duction periods are increased; (ii) the single-pass removal eﬃciency is
decreased.
The results from this study show that increasing the relative hu-
midity decreases the degradation eﬃciency of both compounds. This
observation can be interpreted as the competition for adsorption be-
tween the pollutants and water molecules. As the amount of water
molecules increases, they occupy the active sites which in turn de-
creases the chance the pollutants have to react with the active species
Fig. 5. Experimental degradation curve of acrylonitrile ﬁtted to model under
reference experimental conditions of C0=2ppm; v=1m s−1;
I=4.5mW cm−2 [52].
Fig. 6. Experimental degradation curve of isoﬂurane ﬁtted to model enabling
calculation of two indicators α and τi under reference experimental conditions
of C0=0.5 ppm; v=1m s−1; I=4.5mW cm−2 [46].
Fig. 7. Inﬂuence of relative humidity on the single-pass removal eﬃciency
determined during acrylonitrile degradation. (C0=2ppm; v=1m s−1;
I=4.5mW cm−2).
resulting in lower removal eﬃciencies [33]. This inhibition eﬀect was
also observed by Raillard et al. [33] when they studied the inﬂuence of
RH (0–30%) on the photocatalytic degradation of two ketones: acetone
and 2-butanone. The experiments were performed in a 12-L Pyrex-glass
batch reactor with TiO2 powder deposited on cellulose substrates. Si-
milarly, Krichevskaya et al. [58] observed a decrease in the removal
eﬃciency of acrylonitrile (40 ppm) when RH was increased from 0% to
66% in an annular reactor coated with Degussa (P25) TiO2 powder.
These authors attributed the inhibition to the eﬀect of competitive
adsorption between the pollutant molecules and water.
For the induction period of isoﬂurane, the increase in the induction
periods during increase in RH could also be attributed to the compe-
tition between isoﬂurane molecules and water molecules for adsorption
onto active sites. As the RH increases, water molecules prevent iso-
ﬂurane molecules from reacting with active species thus longer induc-
tion periods occur until suﬃcient concentration of Cl° are formed to
initiate the acceleration of the reaction.
At 20% RH the moisture content at 20 °C is 4657 ppm. This in-
creases to 11725 ppm at 50% RH and 18893 ppm at 80% RH. These
concentrations are quite high relative to the pollutant concentrations of
0.5 ppm and 2 ppm for isoﬂurane and acrylonitrile respectively. The
percentage decrease in the single-pass removal eﬃciency from 20% to
50% RH was 36% and 20% for acrylonitrile and isoﬂurane respectively
whilst the percentage decrease from 50% to 80% was 18% and 14% for
acrylonitrile and isoﬂurane respectively. This shows that although the
degradation of both compounds is impeded by the increase in RH, the
inﬂuence was more pronounced when the RH was increased from 20%
to 50% than from 50% to 80%. This could be explained by the fact that
at 50% RH the surface already had abundant water and that increasing
the concentration of water probably led to a saturation eﬀect thus the
removal eﬃciency was not drastically decreased when the RH was in-
creased to 80%.
It was also observed that acrylonitrile was more impacted by the
presence of water vapor than isoﬂurane. Water molecules may form
layers on the photocatalyst surface and therefore, in order to react,
VOCs must ﬁrst be absorbed into the water ﬁlm and then penetrate
towards the catalyst surface which also subsequently decrease the de-
gradation eﬃciency [59,60]. The ability to do this could be related to
the hydrophilic/hydrophobic properties of the VOC molecule. There are
diﬀering opinions given in the literature to explain this. Vildozo et al.
[60] studied the inﬂuence of humidity on the degradation of 2-propanol
and toluene using a photocatalyst, composed of non-woven paper
coated with 20 gm−2 of TiO2. They observed that at high levels of
humidity the degradation of toluene was more inhibited than that of 2-
propanol. They explained that 2-propanol because of its higher
solubility (1000 g L−1) is able to penetrate the layers of water and be
adsorbed on the catalyst surface. On the contrary, toluene which has a
lower solubility of 0.5 g L−1 might have diﬃculties to penetrate this
layer. On the other hand, Raillard et al. [61] in studying the degrada-
tion of methyl ethyl ketone (MEK) on a photocatalyst made up of a ﬁlm
of TiO2 coated onto a glass plate observed that at higher relative hu-
midity, the degradation rate of MEK was reduced. They stated that at
high humidity level, the formation of a water layer is possible and that
in addition to the competitive adsorption, because of its solubility, MEK
may be dissolved in the water layer. Once dissolved into water, MEK is
less willing to reach with the catalytic surface and active species be-
cause of a less rapid diﬀusion into water.
In this work, the degradation of acrylonitrile is more inhibited than
isoﬂurane when the relative humidity is increased. Looking at their
properties (Table 3), acrylonitrile is more hydrophilic (higher water
solubility and lower Log Kow) than isoﬂurane. In addition to this, ac-
rylonitrile concentration (2 ppm) is higher than that of isoﬂurane
(0.5 ppm). The inﬂuence of relative humidity could be impacted by the
concentration of the compound in that the higher the concentration of
the pollutant intensiﬁes the negative eﬀect of the relative humidity
[62].
Relative humidity has a signiﬁcant inﬂuence on the degradation of
isoﬂurane and acrylonitrile. Under the experimental conditions studied,
PCO performance during the degradation of both isoﬂurane and acry-
lonitrile is better at lower relative humidity. According to several na-
tional regulations, RH between 30% and 60% is recommended in ORs
and at these levels water vapor exists in large excess compared to
pollutant concentrations (usually ppb to several tens of ppm) and thus
competitive adsorption which inhibits PCO performance can be deemed
as the dominating process. Under this condition, it would be advisable
not to operate above RH of 60%.
3.2. Presence of co-pollutants
Single compound photocatalytic oxidation studies are convenient
for understanding the kinetics of degradation of a compound but in the
real case, the indoor air stream usually contains several contaminants.
Fig. 8. Inﬂuence of relative humidity on (a) the length of the induction time (b) the single pass removal eﬃciency determined during isoﬂurane degradation.
(C0=0.5 ppm; v=1m s−1; I= 4.5mW cm−2).
Table 3
Water solubility and octanol–water partition coeﬃcient (Log Kow) of acryloni-
trile and isoﬂurane.
Compound Log Kow Water solubility (g.L−1) (25 °C)
Isoﬂurane 2.1 [63] 2.5 [63]
Acrylonitrile 0.25 [64] 70 [64]
selected compounds but observed that in a 16 VOC mixture the inter-
ference eﬀect among the selected VOCs became quite obvious, and their
removal eﬃciencies were signiﬁcantly decreased. The inhibitive eﬀect
observed by these authors was attributed to the possible competitive
adsorption for active sites by the molecules. In this study, the decrease
in the degradation of both isoﬂurane and acrylonitrile in the presence of
the co-pollutants could also be explained by the possible competition
for active sites.
Acetic acid is known to have a high adsorption aﬃnity to TiO2
therefore it allows it to occupy more active sites and be degraded [67]
and thus may have a higher competitive ability than the target com-
pounds. For the isoﬂurane-acetic acid equi-molar mixture, it seemed
that the inhibitory eﬀect was more pronounced for the ﬁrst phase than
for the second phase as seen in Fig. 10 a and b. The induction period
increases from 130min in the single compound degradation to 160min
in the equi-molar binary degradation but α remains at 0.0008 for both
single compound and binary mixture experiments. Since acetic acid has
a better adsorption aﬃnity to the photocatalyst, it prevents enough
isoﬂurane molecules from reaching the active sites thus delays the de-
gradation mechanism by increasing the induction period. It can be as-
sumed however that once acetic acid is no longer present, isoﬂurane
degradation proceeds normally that could explain why the single-pass
removal eﬃciency for the second phase was not signiﬁcantly diﬀerent
from that obtained during single isoﬂurane degradation.
The experiments performed in mixture with N2O showed that it
inhibited the degradation of both target compounds. Once the con-
centration of N2O was increased its inhibitory eﬀect on the removal of
the target compounds due to competitive adsorption unto active sites
was intensiﬁed further decreasing the single-pass removal eﬃciencies
of the target compounds.
3.3. Presence of particles
Aside gaseous pollutants, particulate matter is another type of pol-
lutant that is found in indoor environments. Surgical smoke contains
particles (tissue and microbial) which could be trapped by the photo-
catalyst media and subsequently their presence can aﬀect the PCO of
the target compounds. Surgical smoke is known to contain particles
with diameters ranging from 0.35 to 6.5 μm [47]. To simulate the
presence of particles the photocatalytic surface was loaded with rice
particles at a rate of 0.002 gm−2. The particle diameter range was
0.25–10.5 μm thus was a good representation of particles that could be
collected on the photocatalytic media in an OR.
Fig. 11 shows the results for acrylonitrile degradation in the absence
and presence of particles. The velocity, light intensity and concentra-
tion were ﬁxed at 1m s−1 and 4.5mW cm−2 and 2 ppm respectively. It
can be observed that α decreases by 22.5% when particles are present
Mixture Name Composition
A1 2 ppm acrylonitrile + 2 ppm acetic acid
N1 2 ppm acrylonitrile + 2 ppm nitrous oxide
N2 2 ppm acrylonitrile + 25 ppm nitrous oxide
A2 0.5 ppm isoﬂurane + 0.5 ppm acetic acid
N3 0.5 ppm isoﬂurane + 0.5 ppm nitrous oxide
N4 0.5 ppm isoﬂurane + 6 ppm nitrous oxide
Fig. 9. Inﬂuence of presence of co-pollutants on the single pass removal eﬃ-
ciency determined during acrylonitrile degradation (C0=2ppm; v=1m s−1;
I=4.5mW cm−2; RH=50%).
The OR is polluted by a variety of chemical pollutants such as waste 
anesthetic gases, sterilants and compounds present in surgical smoke. It 
is reasonable to assume that the coexistence of these compounds may 
have an inﬂuence on the degradation rate of isoﬂurane and acrylonitrile 
thus it would also be necessary to provide information on how the 
presence of co-pollutants may aﬀect the degradation eﬃciency of the 
target compounds.
In this study nitrous oxide and acetic acid were chosen to study the 
eﬀect of co-pollutants on the degradation eﬃciency of the target pol-
lutants. Nitrous oxide is an anesthetic pollutant typically found in ORs. 
Acetic acid however is a derivative of peracetic acid (sterilant) and was 
chosen to represent peracetic acid as the latter was not stable enough to 
allow its use. In this work, a series of experiments conducted at dif-
ferent binary mixture conﬁgurations of nitrous oxide and acetic acid 
with acrylonitrile and isoﬂurane were made. As the co-pollutants may 
vary in concentration in an OR, the experiments were performed in two 
ways. Firstly degradation was performed at equi-molar concentrations 
of the co-pollutants and the target pollutants. Then the experiments 
were conducted with the co-pollutant at a higher concentration. Since 
the reference concentrations are diﬀerent for isoﬂurane (0.5 ppm) and 
acrylonitrile (2 ppm), the higher concentration of the co-pollutant was 
chosen so that the molar ratios between the reference concentrations 
and co-pollutant concentration were the same for both isoﬂurane and 
acrylonitrile experiments. The compositions of these mixtures are de-
scribed in Table 4.
Fig. 9 shows the experimental results for the binary mixtures com-
pared to single compound experiments for acrylonitrile. The velocity 
and light intensity were ﬁxed at 1 m s−1 and 4.5 mW cm−2 respectively. 
Acrylonitrile results showed that the single pass removal eﬃciencies 
were lower for binary mixtures than for the single component experi-
ment. In the presence of the co-pollutants, the α decreased by 20%, 8%
and 47% for mixtures A1, N1 and N2 respectively. For the equi-molar 
mixtures, acetic acid had a stronger inhibitory eﬀect on acrylonitrile 
than nitrous oxide. It was also observed that the inhibition of acrylo-
nitrile degradation was higher with increasing nitrous oxide con-
centrations.
Fig. 10 shows the experimental results for the binary mixtures 
compared to single compound experiments for isoﬂurane. The velocity 
and light intensity were ﬁxed at 1 m s−1 and 4.5 mW cm−2 respectively. 
Isoﬂurane experiments showed that, in the presence of these co-pollu-
tants the degradation of isoﬂurane was inhibited. The inhibitive eﬀect 
is seen in the fact that the induction periods were increased whilst the 
removal eﬃciencies were decreased. The induction periods increased 
by 17%, 24% and 46% for mixtures A2, N3 and N4 respectively. The 
single-pass removal eﬃciencies decreased by 1%, 13% and 63% for 
mixtures A2, N3 and N4 respectively. Contrary to acrylonitrile, iso-
ﬂurane single pass removal degradation was more negatively inﬂu-
enced by the presence of nitrous oxide than by acetic acid for the equi-
molar experiments. The inhibition of isoﬂurane degradation was higher 
with increasing nitrous oxide concentrations.
This trend of decreasing removal eﬃciencies was also been reported 
by Chen et al. [65] using an equi-molar ternary mixture of 0.5 ppm 
toluene, ethyl acetate and ethanethiol. On the other hand, Chen et al.
[66] observed no signiﬁcant inﬂuence of the mixture eﬀect on low 
concentrations (0.1 ppm) of equi-molar binary or ternary mixtures of
Table 4
Binary mixture compositions.
on the photocatalytic media.
The results for isoﬂurane degradation are presented in Fig. 12. For
these experiments, the velocity, light intensity and concentration were
ﬁxed at 1m s−1 and 4.5 mW cm−2 and 0.5 ppm respectively. From the
ﬁgure, it can be observed that α decreases by 15% whilst the induction
time increases by 25% when particles are present on the photocatalytic
media.
Under the experimental conditions employed, the degradation of
both compounds is impeded by the presence of particles with the same
order of magnitude. The trend of decreasing removal eﬃciencies has
been reported by Park et al. [68]. They studied the degradation of to-
luene in a single-pass PCO reactor using a non woven-fabric coated with
TiO2. They observed that when air containing particles was introduced
into the photocatalytic reactor, toluene removal eﬃciency was de-
creased. They explained this by two hypotheses. First, the particles
could hide the active sites which could in turn block these sites for
adsorption by the target compounds eﬀectively reducing their de-
gradation. Secondly, the particles could promote a “screening eﬀect”
thereby reducing the amount of light reaching the catalyst surface re-
sulting in slower production of active species. Consequently, the pro-
gress of the degradation could be impeded.
In this work, the inhibition of the degradation of isoﬂurane and
acrylonitrile could be due to the fact that the particles block the active
sites preventing the molecules from adsorbing and being degraded.
Secondly the particles could also screen the light intensity thereby re-
ducing the amount of light reaching the catalyst surface. Conclusively,
it would be recommended that for a PCO unit, ﬁlters should be placed
upstream of the photocatalytic media to reduce the particle load
reaching the photocatalytic media in order to improve the PCO per-
formance.
3.4. Identiﬁcation of potential by-products
By-product formation was investigated in a previous part of this
work under standard humid air condition (RH=50%) in function of
process parameters and without co-pollutants [46,52]. For isoﬂurane,
Fig. 10. Inﬂuence of presence of co-pollutants on (a) the length of the induction time (b) the single pass removal eﬃciency determined during isoﬂurane degradation
(C0=0.5 ppm; v=1m s−1; I=4.5mW cm−2; RH=50%).
Fig. 11. Inﬂuence of the presence of particles on the single pass removal eﬃ-
ciency determined during acrylonitrile degradation (C0=2ppm; v=1m s−1;
I=4.5mW cm−2; RH=50%).
Fig. 12. Inﬂuence of the presence of particles on (a) the length of the induction time (b) the single pass removal eﬃciency determined during isoﬂurane degradation
(C0=0.5 ppm; v=1m s−1; I=4.5mW cm−2; RH=50%).
some halogenated and oxygenated by-products were identiﬁed but at
low concentrations (< 0.04 ppm) and no signiﬁcant risks based on a
calculated Health-Related Index (HRI) [46]. For acrylonitrile, under
initial concentrations ranging from 0.5 to 10 ppm and with sampling
and analytical devices used, no by-products were identiﬁed. However,
complete mineralization under longer irradiation times signiﬁed the
possible removal of intermediates [52]. In this work however, under the
studied environmental parameters no by-products were identiﬁed.
4. Conclusion
In this work, acrylonitrile and isoﬂurane, two pollutants that are
present in ORs air were chosen as representative compounds to in-
vestigate the performance of PCO by studying the inﬂuence of three
environmental parameters. The experiments were performed in a closed
loop laboratory reactor to evaluate the eﬃciency of degradation by
PCO. The use of a model developed by Dumont and Héquet enables the
calculation of one performance indicator (the single pass removal ef-
ﬁciency) for acrylonitrile and two indicators (single pass removal eﬃ-
ciency and induction period) for isoﬂurane. The qualitative descriptor
enabled the study of the inﬂuence of the relative humidity, the presence
of co-pollutants and the presence of particles on the degradation pro-
cess.
The results showed that although the pollutants belonged to dif-
ferent chemical classes, the inﬂuence of the parameters on their de-
gradation was similar. Relative humidity has a signiﬁcant inﬂuence on
the degradation of isoﬂurane and acrylonitrile. Under the experimental
conditions studied, PCO performance during the degradation of both
isoﬂurane and acrylonitrile is better at lower relative humidity.
According to several national regulations, RH between 30% and 60% is
recommended in ORs and at these levels water vapor exists in large
excess compared to pollutant concentrations (usually ppb to several
tens of ppm) and thus competitive adsorption which inhibits PCO
performance can be deemed as the dominating process. Under this
condition, it would be advisable not to operate above RH of 60%. Under
the experimental conditions employed in this study, it can be concluded
that PCO performance during the degradation of the target pollutants
could be inhibited by the presence of co-pollutants due to competitive
adsorption for active sites. Additionally the higher the concentration of
the co-pollutant compared to the target compound the higher the in-
hibition eﬀect. The concentrations of co-pollutants present in the OR air
vary depending on the activities and thus cannot be controlled.
However in order to improve the PCO performance it would be re-
commended that several photocatalytic banks (photocatalytic media
and UV lamps) are installed in the PCO unit in order to maximize the
removal of these pollutants and to ensure higher removal eﬃciency.
The presence of particles inhibited the degradation of the two com-
pounds because they blocked the active sites. Since the production of
particles in the OR cannot be avoided, it would be recommended that
for a PCO unit, ﬁlters should be placed upstream of the photocatalytic
media to reduce the particle load reaching the photocatalytic media in
order to improve the PCO performance.
In conclusion, PCO could be used as a treatment technique to im-
prove air quality in the OR as the results show that it can degrade OR
pollutants like isoﬂurane and acrylonitrile. However as also shown, a
single-pass is not enough to remove a substantial amount of these
pollutants from the incoming air. It would be recommended that for a
treatment device, several photocatalytic banks plus an addition of ﬁl-
ters are used in order to maximize the removal of the target pollutants
as well as their intermediates.
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